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The data collected by creep testing carried out in conformity with current Japanese practice and reported in Public Works Research Center
product certiﬁcation reports are interpreted in order to identify and discuss differences between current Japanese practice and European and US
practices. A database of 66 different geogrid products from 10 different manufacturers was reviewed comprising of 362 different constant load
creep tests. An important outcome from the analysis of the creep test data collected to date is a strong case for the adoption of elevated
temperature testing in order to eliminate the excessively long extrapolation times required to compute creep strength reduction factors.
& 2014 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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Current practice in Japan for the calculation of the long-term
allowable strength (Tal) for geogrid layers in reinforced soil
structures is based on an allowable stress design (ASD)0.1016/j.sandf.2014.06.004
4 The Japanese Geotechnical Society. Production and hosting by
AASHTO, American Association of State Highway and
fﬁcials (USA); ASD, allowable stress design; ASTM,
for Testing and Materials (USA); COV, coefﬁcient of
ard deviation/mean); FHWA, Federal Highway Administra-
E, high-density polyethylene; PWRC, Public Works Research
RFD, load and resistance factor design; MARV, minimum
e; NTPEP, National Transportation Product Evaluation
PET, polyester; POM, polyoxymethylene; PP, polypropylene;
thermal method; TTS, time-temperature shifting; UK, United
T, Washington State Department of Transportation (USA)
g author. Tel.: þ81 468 41 3810; fax: þ81 468 44 5913.
sses: miyamiya@nda.ac.jp (Y. Miyata),
a (R.J. Bathurst), AllenT@wsdot.wa.gov (T.M. Allen).
541 6000x6479/6347/6391; fax: þ1 613 541 6218.
709 5450; fax: þ1 360 357 3814.
der responsibility of The Japanese Geotechnical Society.approach. The general approach recognizes that the available
tensile strength at the end of design life in the ﬁeld is less than
the original in-isolation ultimate tensile (reference) strength of
a geogrid material in the laboratory (Tult). The maximum
tensile load in a layer (Tmax) is multiplied by a minimum
speciﬁed factor of safety (F) for each limit state (e.g. F¼1.2
for tensile rupture and F¼2 for pullout) to compute the design
tensile load (Tdes¼FTmax). The design tensile load is assumed
to act for the life of the structure and cannot exceed the long-
term allowable strength of the reinforcement (TdesrTal).
The long-term allowable strength is computed as follows:
Tal ¼
Tult
RF
¼ Tult
RFCRRDIDRFDRFJ
¼ TCR
RDIDRFDRFJ
ð1Þ
Here, RF is the product of reduction factors to account for
potential strength loss due to creep (RFCR), installation damage
(RFID), degradation due to chemical/biological processes
(RFD), and reduced tensile capacity at any connection joints
(RFJ). Parameter TCR is the creep-reduced strength (i.e.Elsevier B.V. All rights reserved.
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of the creep reduction factor (RFCR) used in Eq. (1). The
speciﬁc objectives of this paper are:1. To review the methodology used in Japan to carry out
constant load creep testing, interpret creep test results,
estimate the creep-reduced tensile strength, and calculate
RFCR.2. To identify differences between the Japanese approach and
European and North American practices.3. To create a database of creep test data from the PWRC
product certiﬁcation reports and interpret the test data in
accordance with recommended Japanese practice as out-
lined in the Public Works Research Center, PWRC (2000a),
guidance document.4. To summarize computed creep reduction factors based on
individual products and different product types (as applic-
able) and quantify statistical variations (bias) in reference
strength and predicted creep-reduced strength.5. To compare these values to a similar recent study of geogrid
products from North America.
This paper compliments a related earlier study by Miyata
and Bathurst (2012) that was focused on reliability analysis of
soil-geogrid models used to predict the ultimate pullout
capacity of many of the same products that appear in the
current study.
2. Creep testing methodology and interpretation
2.1. General
Constant load (creep) testing in Japan is carried out in
accordance with recommendations in the PWRC (2000a)
guidance document. This protocol calls for a minimum of ﬁve
200 mm-wide multi-rib geogrid specimens trimmed from the
same sample and tested at 2372 1C. The load levels are
chosen so that they are in the range of 10–90% of the reference
strength (Tult) of the material. Each load is held for a minimum
of 1000 h or until the specimen ruptures, whichever occurs
ﬁrst. However, tests may be taken out to 10,000 h. The
database used in this study included a few tests that were
continued for 60,000 h.
The data from a set of constant load tests are plotted together
with semi-log strain-time axes. If the specimens rupture prior
to 10,000 h and less than 10% strain (Fig. 1a) then a creep–
rupture curve is generated as shown in Fig. 1b. If the
specimens continue to strain to 10% strain or beyond
(Fig. 1c) then plots of constant load versus time to reach
10% strain and 15% strain are generated (Fig. 1d). These load
curves are similar to Fig. 1b but with rupture loads replaced
with loads to reach 10% and 15% strain. Geogrid materials that
can creep to 10% strain or more are identiﬁed by PWRC as
“ductile” polymeric materials and polymeric geogrids that
creep to rupture at lower strains are identiﬁed as “brittle”
materials. For example, uniaxial HDPE and biaxial PPgeogrids are classiﬁed as ductile materials while woven and
knitted PET and Aramid geogrids are classiﬁed brittle materi-
als. The use of these terms can be traced to the work of
McGown et al. (1985). The creep reduction factor is computed
differently for each response type. Implications of this classi-
ﬁcation system to calculation of creep-reduced strength at
design life and comparison with creep test methodology and
test interpretation in other countries are discussed later.
2.2. Creep-reduced strength for “brittle” material behavior
The creep-rupture curve for brittle materials is extrapolated
to the design life of the structure (td) to give the creep-reduced
tensile strength TCR (Fig. 1b). A reasonable assumption for the
design life of a permanent structure is td¼1 106 h (approxi-
mately 120 years). Shorter design life values (e.g. for
temporary structures) will correspond to larger values of
creep-reduced strength. There is no explicit guidance in the
PWRC (2000a) document on how to carry out the extrapola-
tion of the creep–rupture curve to design life. Bathurst et al.
(2012) reported that creep-rupture loads for polyester (PET)
reinforcement products are typically characterized using a log-
linear equation (e.g. EN ISO/TR 20432, 2007; WSDOT T925,
2009). For a set of creep tests on specimens from a single
product type, the rupture load (Tt) at elapsed time t can be
expressed as follows:
T t ¼ aTþbT log t ð2Þ
Here, aT and bT are the unit-dependent constants determined
from regression analysis.
For polyoleﬁn (polypropylene (PP) and high-density poly-
ethylene (HDPE)) reinforcement products, creep-rupture loads
are best approximated using a log–log function (e.g. Wrigley
et al., 1999; Thornton and Baker, 2002). Hence, for a single
product type
log T t ¼ aTþbT log t ð3Þ
Here, the constant coefﬁcients are dimensionless. Later in the
paper, creep data from constant load tests on geogrid materials
in the same product line are grouped together to form a
composite 10% creep–strain curve in accordance with Eur-
opean and North American practice for the construction of
creep–rupture curves (e.g. ISO/TR 20432, 2007; WSDOT
T925, 2009; CUR, 2012). In order to group the data, the creep
loads are normalized with the mean value of measured ultimate
strength (i.e. Tult ¼ T ult;meas) from reference tensile tests
carried out on specimens trimmed from the same sample used
for the creep load specimens. Eqs. (2) and (3) ﬁtted to
composite rupture envelopes can now be expressed as follow:
Pt ¼ aPþbP log t ð4Þ
and
log Pt ¼ aPþbP log t ð5Þ
where, Pt is the (predicted) fraction of original strength (Tult)
retained and aP and bP are dimensionless constants determined
from regression analysis. The creep reduction factor corre-
sponding to time t is the inverse of the fraction of strength
Fig. 1. Methodology to determine creep-reduced strength (TCR) from constant load (creep) tests for: (a), (b) brittle geogrids; (c), (d), and (e) ductile geogrids.
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RFCR ¼ Tult=TCR ¼ 1=Pt ð6Þ2.3. Creep-reduced strength for “ductile” material behavior
In Japanese practice, the times to 10% and 15% strain in
Fig. 1d are extrapolated to 106 h and an initial estimate of TCR
is made using the 10% strain curve as shown in the ﬁgure. As
noted earlier there are no recommendations in the PWRC
(2000a) on how to carry out the extrapolation. A modiﬁed
Sherby–Dorn plot is used to check that the estimate of TCR is
reasonable. This plot is comprised of (logarithm) rate-of-strain
values computed at different elapsed times for each load curve
in Fig. 1c and plotted against the same load. These data appear
as a bilinear curve with a break point located at the intersection
of the two ﬁtted line segments (Fig. 1e). The value of TCR
selected previously should fall at or below this break point.
The writers reviewed the recommended TCR values in the
source documents and concluded that the authors of these
reports exercised judgment in the choice of TCR using both
approaches. This may be expected since the experience of the
writers is that the interpretation of the creep-reduced strength
from Sherby–Dorn plots is often subjective as well. In the
current study, the writers used a log–log regressed curve (Eq.5) ﬁtted to the composite 10% strain curve to extrapolate the
Japanese data to TCR at 10
6 h. The resulting fraction of original
strength for data groups was similar to the values reported in
the source documents. The advantage of this rigorous approach
is that data interpretation is unambiguous and thus consistent
quantitative comparisons can be made between different data
groups.2.4. Creep reduction factor (RFCR)
In the Japanese methodology the reference strength is a
“guaranteed ultimate tensile strength” lower than the mean of
values from in-isolation constant rate-of-strain tests carried out
at 1% strain/min in accordance with the procedures described
in the PWRC (2000a). The choice of this reference tensile
strength is left to the producer. In some reports a minimum
average roll value (MARV) was used for the reference strength
(Tult) which is consistent with North American practice.
However, the ultimate strength of a polymeric geosynthetic
reinforcement product may be inﬂuenced by the axial strain
rate used in the test (particularly for polyoleﬁn products)
(Shinoda and Bathurst, 2004). In North America, the ultimate
strength of a geogrid specimen is determined from a faster test
carried out at 10% strain/min (ASTM D 6637, 2001) and in
Europe at 20% strain/min (EN ISO 10319, 2008). Hence, creep
Y. Miyata et al. / Soils and Foundations 54 (2014) 608–620 611reduction factors reported from different countries may not be
equivalent. This issue is explored further later in the paper. It
should be noted that the PWRC test protocol does allow in-
isolation tests to be carried out at 20% strain/min, but these
tests are used for manufacturing quality control purposes and
for the calculation of the installation damage factor RFID (i.e.
the tensile strengths of original and exhumed geogrid speci-
mens are determined from tests carried out at 20% strain/min).3. Comparison of PWRC approach with North American
and European practice
Brittle and ductile designations used in the PWRC approach
may be useful for the purpose of classiﬁcation but they do not
fully describe creep behavior of polymeric reinforcement
materials. For example, constant load creep curves for poly-
oleﬁn materials (e.g. HDPE and PP) plotted as strain versus log
time will have the shapes illustrated in Fig. 2. The primary
stage in each curve appears as a linear segment which means
that the strain rate at that load level decreases with time. The
ﬁnal (tertiary) stage of the curve corresponds to a rapidly
increasing strain rate with time which ends in rupture. The
intermediate (secondary) stage corresponds to constant rate-of-
strain when strains are plotted against arithmetic time. For
example, HDPE geogrids that are classiﬁed as ductile in the
PWRC method will eventually fail at the end of tertiary creep
if the load levels are great enough. However, depending on
where the 10% strain line intercepts each load curve, this line
may intercept primary or secondary creep stages, as illustrated
in Fig. 2. This could lead to difﬁculties establishing a unique
creep–strain envelope if data points from curves at higher load
levels and short elapsed times are taken from specimens
undergoing secondary creep and data points from curves at
lower load levels and longer time are taken from specimens
undergoing primary creep (see 10% strain line in Fig. 2). The
methodology described in Fig. 1d is used to ensure that theFig. 2. Example creep strain–time curves for constant load HDPE geogrid
specimens in data group 1 tested at 23 1C. Primary, secondary and tertiary
stages are illustrated for the test carried out with constant load equal to 64% of
Tult from reference tensile load tests carried out at 10% strain/min.creep-reduced strength selected for design corresponds to a
load level where the creep curves are ﬂat. However, as Fig. 2
shows, detecting the load between 0.37Tult and 0.45Tult, where
an increase in logarithmic strain rate occurs, is problematic (i.e.
the break point load in Fig. 1d).
A disadvantage of the PWRC method is that extrapolation
from 10,000 h to 120 years corresponds to two log cycles of
time which is not recommended in other codes of practice (e.g.
WSDOT T925 (2009), CUR (2012)). Constant load creep
testing of HDPE polymeric reinforcement materials at elevated
temperatures is now used in North American and Europe to
extend creep–rupture curves to design life using block time–
temperature shifting (TTS) (e.g. ISO/TR 20432 (2007),
WSDOT T925 (2009), CUR (2012), AASHTO R64-13
(2013)). More recently, the stepped-isothermal method (SIM)
has been developed (ASTM D6992 (2003)). The SIM has the
advantage of requiring only a single specimen while TTS
requires a group of specimens trimmed from the same sample
and each specimen tested at a different temperature. While the
AASHTO (National Transportation Product Evaluation
Program, NTPEP, 2007) reinforcement product evaluation
program allows SIM to be used for any reinforcement product,
it must be statistically demonstrated that the SIM results are
consistent with 10,000 h of real time creep–rupture data in
accordance with AASHTO R64-13 (2013) (see also WSDOT
T925 (2009)). Due to the difﬁculties in using SIM for HDPE,
this consistency for HDPE products has not been demonstrated
as yet. At the time the PWRC (2000a) testing protocol was
developed, elevated temperature testing of polymeric geogrid
materials using block temperature-time shifting (TTS) was
relatively new. An early research paper on TTS to generate
creep–strain curves is by Bush (1990). Ingold et al. (1994)
reported on the TTS method to generate creep–rupture curves.
SIM testing of polyoleﬁn geosynthetic reinforcement products
was in its infancy in the early 1990s (e.g. Thornton et al.
(1998)) and both TTS and SIM approaches were unproven in
the Japanese geosynthetics research literature in the late 1990s.
However, without the results of elevated temperature testing
the accuracy of extrapolation to a 120-year design life using
available Japanese test data cannot be examined quantitatively.
Fortunately, creep data using TTS for the same product lines
as data groups 1 and 2 are available in the literature. These data
are used later in the paper to compare creep-reduced strength
values using creep–rupture curves and 10% creep–strain data.
However, similar to the cautionary comment regarding tests
carried out at a single ambient temperature (e.g. Fig. 2) linear
time–temperature shifting of constant load creep tests carried
out at elevated temperatures and used to construct a creep–
strain curve at 23 1C could include load-time data points from
specimens undergoing secondary creep at low temperatures
and tertiary creep at higher temperatures.
4. Creep testing database
The writers collected creep test data from reports compiled
by the PWRC as part of the Japanese certiﬁcation program for
geogrid materials used in earth reinforcement applications. All
Table 1
Summary of creep database.
Data
group
Manufacturersa Reinforcement
material
Number of
different
products
Range
of Tult
b
(kN/m)
Number of
creep–strain
curve data
points
Range of creep
test times
(log hours)
Response
type
COV of
bias XCR
c
Creep reduction
factor, RFCR
d
PWRC
report
year
Certiﬁcation
number
75 years
(5.82 log hours)
120 years (6.02 log hours)
10%
strain/min
1%
strain/min
10%
strain/min
1%
strain/min
Column - 2 3 4 5 6 7 8 9 10 11 12 13 14 15
1 1 Uniaxial HDPE 6 48–128 30 0.00 to 4.00 Ductile 0.005 2.51 2.15 2.56 2.19 2006 0901
2 1 Uniaxial HDPE 2 187–206 8 1.00 to 4.28 Ductile 0.006 2.28 1.96 2.31 1.98 2006 0901
3 1 Uniaxial HDPE 1 224 3 1.99 to 3.99 Ductile 0.001 2.07 1.78 2.10 1.80 2006 0901
4 2 Uniaxial HDPE 1 98 7 0.01 to 4.01 Ductile 0.006 2.58 2.06 2.63 2.10 2004b 0413
5 3 Uniaxial HDPE 1 77 4 1.60 to 3.04 Ductile 0.006 3.03 2.70 3.07 2.73 2000b 1110
6 1 Biaxial PP 3 14–39 12 1.00 to 4.01 Ductile 0.030 4.26 3.98 4.39 4.11 2006 0901
7 4 Uniaxial PP tape 5 56–2000 32 1.78 to 2.67 Brittle 0.034 1.55 1.44 1.57 1.46 2007a 0214
8 5 Woven & knitted PET 5 57–205 15 1.73 to 3.21 Brittle 0.048 1.92 1.87 1.94 1.90 2000c 1205
9 6 Woven & knitted PET 1 27 3 0.17 to 3.20 Brittle 0.011 1.44 1.36 1.44 1.37 2005 0432
10 6 Woven & knitted PET 1 37 3 0.02 to 3.11 Brittle 0.018 1.20 1.18 1.21 1.18 2005 0432
11 6 Woven & knitted PET 1 57 3 0.39 to 3.21 Brittle 0.002 1.48 1.43 1.50 1.45 2005 0432
12 6 Woven & knitted PET 1 92 3 0.02 to 3.10 Brittle 0.027 1.56 1.43 1.57 1.43 2005 0432
13 6 Woven & knitted PET 1 123 3 0.02 to 2 91 Brittle 0.035 1.59 1.55 1.60 1.57 2005 0432
14 7 Woven & knitted PET 5 46–165 25 1.00 to 3.00 Brittlee 0.027 1.68 1.60 1.70 1.62 2008b 0808
15 7 Aramid 4 83–195 35 1.78 to 2.88 Brittle 0.030 1.68 1.65 1.69 1.66 2002b 0120
16 7 Aramid 7 37–151 59 1.52 to 3.04 Brittle 0.035 1.66 1.65 1.68 1.67 2002b 0120
17 7 Aramid 6 39–127 42 1.10 to 3.08 Brittle 0.023 1.63 1.56 1.65 1.57 2008a 0804
18 7 Aramid 2 153–203 14 0.03 to 2.93 Brittle 0.005 1.54 1.49 1.56 1.51 2008a 0804
19 8 Aramid 6 46–137 26 1.69 to 2.79 Brittle 0.028 1.51 1.46 1.53 1.48 2007b 0704
20 9 POMf 4 58–114 20 1.00 to 3.00 Brittle 0.070 2.11 2.10 2.19 2.18 2004a 0412
21 10 Vectran 2 90–110 10 0.69 to 3.31 Brittle 0.017 1.70 1.43 1.72 1.45 1998 1004
22 10 Vinylon 1 78 5 0.69 to 3.20 Brittle 0.012 1.78 1.58 1.82 1.62 1998 1004
Σ¼66 Σ¼362 0.001–0.070
a1 Mitsui Sanshi Co. 2 Geosystem Co. 3 Bridgestone Co. 4 Takiron Co. and Asahi-Kasei Co. 5 Toyobo Co. and Daika Co. 6 Maeda Co. and Zeon Co. 7 Samyang Co. 8 Maeda Co. 9 Asahi-Kasei Co. and Tokyu
Co. 10 Kuraray Co. and Taiyokogyo Co.
bComputed from the mean of multiple tests carried out 1% strain/min and adjusted to 10% strain/min (see Table 2).
cUsing all data points and Tult based on 10% strain/min reference tensile tests.
dEq. (5) used to predict creep-reduced strength for ductile (HDPE and PP) geogrids and Eq. (4) for brittle geogrids and Tult based on 10% strain/min and 1% strain/min reference tensile tests.
eCreep–strain curve based on 8% strain because rupture data was irregular.
fPolyoxymethylene ﬁbers coated with ethylene-vinyl acetate polymer (Akagi et al., 2004).
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uniform standard of practice certiﬁed by the PWRC. The data
also included constant rate-of-strain tensile tests carried out on
specimens taken from the same sample used to trim specimens
for the creep tests. To correctly calculate the creep reduction
factor, it is important to correlate the creep-reduced strength to
the reference tensile strength of the actual material tested (ISO/
TR 20432, 2007; AASHTO R64-13, 2013; WSDOT T925,
2009). As noted by Bathurst et al. (2012), manufacturers may
report Tult values that are less than actual values to be cautious,
to position their product in a product line based on marketing
strategy, or to account for variation in reported results from
different laboratories. In US practice, Tult values are reported
as minimum average roll values (MARV) for product certiﬁca-
tion. These values are two standard deviations below the mean
of the average values from multiple tests (WSDOT T925,
2009). In Japan, a “guaranteed ultimate tensile strength” for
Tult is used as discussed in the previous section. To ensure a
consistent interpretation of the creep reduction factor in the
current investigation, the reference ultimate tensile strength
was taken as the mean value from multiple tests reported in the
submitted product certiﬁcation documents.
Table 1 provides a summary of the database of tests
available at the time of the current study. All data are from
PWRC product certiﬁcation reports which can be identiﬁed in
the last two columns of the table. The table shows that a total
of 66 different products from 10 different manufacturers were
reviewed. The products were parsed into 22 different data
groups based on constituent polymer type and geogrid macro-
structure (uniaxial HDPE, biaxial PP, uniaxial PP tape, woven
and knitted PET, Aramid, POM, Vectran and Vinylon) and
from the results of regression analysis. For example, if ﬁtted
creep curves from products in the same product line had
similar regression coefﬁcients and R2 values, then all data were
treated as a single population. In many cases, for example the
woven and knitted polyester geogrids, it was not possible to
place more than one product within a data group using the
regression analysis criteria described here.
Table 2 gives a summary of the matching ultimate tensile
(reference) strength test results. An equal number of tests (i.e.
420) were performed at 1% strain/min and 20% strain/min.
Also shown in the table (column 6) are ultimate tensile
strength values from 10% strain/min tests that have been
computed by log-linear interpolation between 20% and 1%
strain/min test results. The log-linear equation can be
expressed as follows:
Tult ¼ α1 þ α2 log _ε ð7Þ
where, _ε is the strain rate of the tensile test corresponding to
Tult, and α1 and α2 are the unit-dependent constants. For the
case when Tult values from 20% and 1% strain/min tests are
available, then α1¼Tult at 1% strain/min and α2¼ (Tult at 20%
strain/minTult at 1% strain/min)/log 20. The same interpola-
tion method was used by Miyata and Bathurst (2007) to
synchronize the reference strength values for geogrid products
used in a database of North American geosynthetic reinforced
wall cases and similar instrumented structures in Japan.Table 2 (column 7) shows that the ultimate strength of the
uniaxial HDPE product in data group 4 is 33% greater when
the tensile test is run at 20% strain/min than at 10% strain/min.
This means that the RFCR factor of this material will also be
33% larger using Tult from the faster test (Eq. 6). The
calculation of Tal in Eq. (1) is unaffected by test rate effects
provided the Tult value used in Eq. (1) matches the value used
to compute the creep reduction factor. Multipliers are shown in
Table 2 that can be used to convert Tult values from 10%
strain/min tensile tests (and RFCR values) to Tult values
corresponding to tests run at 1% strain/min (e.g. in Japan)
and 20% strain/min (e.g. in Europe using the ISO method of
test). The multipliers in Table 2 show that rate effects are much
less for PET and Aramid products in this database and may be
judged to be negligible for practical design purposes.
Table 2 also shows the coefﬁcient of variation (COV) for the
spread in Tult values deduced from multiple repeat tests carried
out at 20% strain/min and those at 1% strain/min on specimens
within the same data group. These data are also plotted in
Fig. 3. The plot shows that there is a visual trend of increasing
COV for bias of Tult using 1% strain/min tests and the
corresponding COV for strengths using the faster tests. In
other words, there does not appear to be a systematic
difference in COV values for tests run at 20% strain/min and
those at 1% strain/min. Regardless, from a practical point of
view, the values are very low (i.e. between 0.7% and 7%).5. Interpretation of creep tests to calculate creep reduction
factors
5.1. Current method
Fig. 4a shows composite 10% creep–strain data for (ductile)
HDPE products (data group 1) plotted with logarithmic axes
and ﬁtted with Eq. (5). Bathurst et al. (2012) showed that there
was a small but detectable improvement in the regressed line
ﬁt to HPDE creep–rupture data using Eq. (5) over Eq. (4).
However, for data group 1 in this study, both equations gave
the same value of R2¼0.97. Extrapolation of the ﬁtted curve
gives a retained strength equal to 39.1% of the original
reference strength at a design life of 120 years.
Fig. 4b and c are example creep–rupture curves for geogrid
products that are classiﬁed as brittle materials. These data give
retained strengths of 51.5% and 65.4% for the PET and
Aramid products at a design life of 120 years, respectively.
The relatively larger visual scatter in the data in Fig. 4b and c
compared to Fig. 4a may be attributed to the more complex
macrostructure of the multi-ﬁlament yarns for the PET and
Aramid products compared to the integral drawn HDPE
products in data group 1.
Computed creep reduction factors are summarized in Table 1
for design life values of 75 and 120 years using the PWRC
product certiﬁcation database and the extrapolation of 10%
creep–strain using the Eqs. (4) and (5). The creep reduction
values are given using reference strengths based on 10% strain/
min as in North American practice and 1% strain/min tests as in
Table 2
Summary of database of ultimate (reference) tensile strength values.
Data group Manufacturersa Reinforcement
material
Number of
different
products
Number
of tensile
tests
Range of Tult
(kN/m)
from 10%
strain/min tests
Multiplier to convert Tult value
from 10% strain/min test to Tult
value at 20% and 1% strain
/minb
COV of strength bias COVXTult
c
20%
strain/min
1%
strain/min
20%
strain/min
10%
strain/mine
1%
strain/min
Column - 2 3 4 5 6 7 8 9 10 11
1 1 Uniaxial
HDPE
6 120 48–128 1.22 0.85 0.013 0.014 0.014
2 1 Uniaxial
HDPE
2 80 187–206 1.21 0.86 0.016 0.014 0.013
3 1 Uniaxial
HDPE
1 40 224 1.21 0.86 0.011 0.011 0.011
4 2 Uniaxial
HDPE
1 10 98 1.33 0.80 0.008 0.012 0.013
5 3 Uniaxial
HDPE
1 10 77 1.16 0.89 0.007 0.013 0.015
6 1 Biaxial PP 3 60 14–39 1.09 0.93 0.023 0.017 0.015
7 4 Uniaxial PP
tape
5 50 56–2000 1.10 0.93 0.025 0.027 0.027
8 5 Woven &
knitted PET
5 50 57–205 1.03 0.98 0.016 0.016 0.016
9 6 Woven &
knitted PET
1 10 27 1.07 0.95 0.046 0.062 0.067
10 6 Woven &
knitted PET
1 10 37 1.03 0.98 0.040 0.040 0.040
11 6 Woven &
knitted PET
1 10 57 1.04 0.97 0.009 0.023 0.027
12 6 Woven &
knitted PET
1 10 92 1.12 0.92 0.033 0.053 0.060
13 6 Woven &
knitted PET
1 10 123 1.03 0.98 0.004 0.019 0.023
14 7 Woven &
knitted PET
5 50 46–165 1.07 0.95 0.014 0.014 0.014
15 7 Aramid 4 40 83–195 1.02 0.98 0.025 0.018 0.016
16 7 Aramid 7 70 37–151 1.01 0.99 0.029 0.022 0.020
17 7 Aramid 6 60 39–127 1.06 0.96 0.024 0.019 0.017
18 7 Aramid 2 20 153–203 1.04 0.97 0.010 0.013 0.014
19 8 Aramid 6 60 46–137 1.05 0.96 0.028 0.026 0.025
20 9 POMd 4 40 58–114 1.01 0.99 0.008 0.010 0.011
21 10 Vectran 2 20 90–110 1.24 0.85 0.070 0.044 0.036
22 10 Vinylon 1 10 78 1.17 0.89 0.026 0.026 0.026
Σ¼66 Σ¼840 0.007–0.070 0.011 –
0.067
a1 Mitsui Sanshi Co. 2 Geosystem Co. 3 Bridgestone Co. 4 Takiron Co. and Asahi-Kasei Co. 5 Toyobo Co. and Daika Co. 6 Maeda Co. and Zeon Co. 7
Samyang Co. 8 Maeda Co. 9 Asahi-Kasei Co. and Tokyu Co. 10 Kuraray Co. and Taiyokogyo Co.
bTult (20% strain /min)¼multiplier (column 7)Tult (10% strain /min), Tult (1% strain /min)¼Multiplier (column 8)Tult (10% strain /min).
cUsing all data points.
dPolyoxymethylene ﬁbers coated with ethylene-vinyl acetate polymer (Akagi et al., 2004).
eInterpolated value.
Y. Miyata et al. / Soils and Foundations 54 (2014) 608–620614Japanese practice. It is interesting to compare typical ranges of
creep reduction factors reported in the US and Japanese values
for similar geogrid types in Japan after correcting the Japanese
values to 10% strain/min reference strength. Federal Highway
Administration, FHWA (2009) reports the following ranges
from 75- to 100-year design life based only on geogrid polymer
type: polyester (PET) 2.5–1.6; polypropylene (PP) 5–4.0 andhigh-density polyethylene (HDPE) 5–2.6. Despite differences in
number and types of products in the FHWA database, the age of
the products (most are early 1990s in the FHWA reference) and
differences in the test method and interpretation, the ranges in
both Table 1 and the FHWA document can be argued to not be
in practical conﬂict. Nevertheless, this observation does not
imply that creep factors from similar types of products from
Fig. 3. COV of bias (spread) in ultimate strength of geogrid samples for tensile
tests performed at 1% strain/min versus tests performed at 20% strain/min.
Fig. 4. Examples: (a) 10% creep–strain envelope for ductile uniaxial HDPE
geogrid, (b) creep–rupture envelope for brittle PET geogrid, and (c) creep–
rupture envelope for brittle Aramid geogrid. Note: All data plotted using
reference tensile strength values from tests carried out at 10% strain/min.
Y. Miyata et al. / Soils and Foundations 54 (2014) 608–620 615different databases can be used interchangeably on a project-
speciﬁc basis.
5.2. Extrapolation of creep–rupture data
European practice (CUR, 2012; British Standard 8006
(BS8006), 2010; ISO/TR 20432, 2007) recommends not to
extrapolate the creep-rupture curve by more than two log
cycles beyond the test with longest time. The computed creep-
reduced strength is divided by a factor that varies with log time
from one (10 times extrapolation) to 1.2 (100 times extrapola-
tion). In the US, a similar extrapolation penalty is applied.
Also, conventional tests must be at least 1000 h duration and
more than two log cycles of extrapolation is not recommended
(WSDOT T925, 2009; AASHTO R64-13, 2013). The creep–
rupture data for data groups 1–6 do not satisfy one or both of
these criteria. Nevertheless, the data have been extrapolated for
the purposes of this investigation.
5.3. Elevated temperature creep testing of HDPE geogrids
In North American (e.g. WSDOT T925 (2009), AASHTO
R64-13 (2013)) and European practices, (CUR, 2012) compo-
site creep–rupture curves for HDPE products are constructed
using elevated temperature testing of geogrid specimens and
then applying block time-temperature shifting (TTS) to extend
the creep–rupture curve out to 75- and 120-year design life
(US and European practice, respectively). Examples of the
resulting composite creep–rupture curves are given in the
paper by Bathurst et al. (2012).
An important practical question is whether or not the creep–
strain envelope used for ductile HDPE geogrid products will
predict different creep-reduced strength values at the same
design life using a creep–rupture plot. Without the beneﬁt of a
data set beyond 10,000 h, it is not possible to answer this
question for this class of geogrid products available in the
PWRC database. Fortunately, creep data from elevated tem-
perature testing of the same family of HDPE product types asdata group 1 and 2 can be found in the published literature
(Ingold et al., 1994; Wrigley et al., 1999).
Creep–rupture and 10% creep–strain curves using data from
the same product line (but different manufacturing plants) as
data group 1 are plotted Fig. 5. These data correspond to a
temperature of 20 1C and have been time-shifted by carrying
Fig. 5. Inﬂuence of 10% creep–strain data selection on prediction of creep-reduced design strength at 120 years for product line matching (HDPE) data group 1
(temperature¼20 oC) (data from Ingold et al. 1994) (a) all data, (b) creep–strain data for t41 h, (c) creep–strain data 1o to10,000 h, and (d) creep–strain data
1o to1000 h.
Y. Miyata et al. / Soils and Foundations 54 (2014) 608–620616out elevated temperature testing at 30 1C and 40 1C. The same
time shift factor from the creep–rupture data was used to shift
the elevated temperature creep–strain data. In the Ingold et al.
(1994) data set the reference strength was based on 2% strain/
min in-isolation tensile testing conforming to UK practice (e.g.
EN ISO 10319 (2008)). Hence, to improve comparisons with
the corresponding Japanese data the reference strength was
corrected upward to values based on a 10% strain/min test
using the log-linear interpolation method described earlier. For
the range of test times that overlap in Figs. 4a and 5c (i.e. from
1 to 10,000 h), the slopes of the log–log ﬁts to the creep–strain
data are similar (e.g. 0.0370 in Fig. 4a and 0.0335 in
Fig. 5c). Differences in the offset value may be attributed to
the difference in test temperature (23 1C for Japanese tests and
20 1C for the UK data) and the correction for strain rate effect
in the reference tests described earlier. Nevertheless, the good
agreement between slopes in the two data sets (which are
values that are independent of the effect of test strain rate
effects on reference strength values) gives conﬁdence that the
conclusions drawn from the Ingold et al. (1994) data set are
applicable to the HDPE geogrid product line in data group 1.
Superimposed on the creep–rupture curves in Fig. 5 are the
log–log approximations taken out to a design life of 120 years.
The log–log ﬁts are judged to capture the quantitative trend in
the data. The 10% creep–strain data has been interpreted infour different ways. All the data were used in Fig. 5a; data
points less than 1 h were removed in Fig. 5b; data were
restricted to the range 1o to10,000 h in Fig. 5c, and only
20 1C data falling between 1 and 1000 h were considered in
Fig. 5d. The range of creep–strain data highlighted by the
shaded zone in Fig. 5c is consistent with the range of PWRC
data for the similar HDPE geogrid data group 1 (Fig. 4a).
The fractions of original strength retained are summarized in
Table 3 for all the data interpretations shown in Fig. 5.
Regardless of the treatment of the 10% creep–strain data, the
log–log ﬁts for the creep–rupture data and the creep–strain data
sets converge with time. This observation was also made by
Ingold et al. (1994). The fraction of reference strength retained
at 120 years is, for practical purposes, the same for all creep–
strain projections (28.4–30.4%) and within 3.1% of the
original strength retained (i.e. 31.5%73.1%) from the
creep–rupture data. Ingold et al. (1994) did note that if only
40 1C test data at greater than 1 h are considered, then
extrapolated 10% creep–strain and creep–rupture curves could
overlap at times less than 120 years. However, in-ground
temperatures of 40 1C are unlikely in practice and the practical
difference in predicted creep-reduced strengths at 120 years
was negligible. Nevertheless, their observation conﬁrms that
the load-strain-time response of HDPE geogrids is temperature
sensitive. Finally, Table 3 also shows predicted strength-
Table 3
Analysis summary using elevated temperature creep data linear shifted to 20 1C (original data from Ingold et al., 1994).
Time range of creep–strain data Number of creep-strain data points Eq. (5) (and Fig. 4), log Pt¼aPþbP log t Eq. (4), Pt¼aPþbP log t
10% Creep–strain Creep–rupture 10% Creep–strain Creep–rupture
Pt (%) R
2 Pt (%) R
2 Pt (%) R
2 Pt (%) R
2
All data 45 28.4 0.92 31.5 0.95 25.3 0.86 29.1 0.93
t41 h 29 30.3 0.91 31.5 0.95 29.4 0.89 29.1 0.93
1o to10,000 h 25 29.6 0.85 31.5 0.95 27.9 0.84 29.1 0.93
1o to1000 h 9 30.4 0.93 31.5 0.95 29.1 0.92 29.1 0.93
Notes: Number of creep–rupture data points¼39; Pt (%) computed at 120 years; R2 computed from regression analysis.
Fig. 6. Creep–rupture and 10% creep–strain data using time-temperature
shifting to 20 1C (data from Wrigley et al. 1999). Notes: Single HDPE geogrid
product matching product line in data group 2. Reference Strength taken from
tests run at 20% strain/min.
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data sets. There is a detectable but small decrease in R2 values
in most cases and small differences in predicted strength
reductions using log-linear regression but these differences
may be argued to be negligible for practical purposes.
Fig. 6 shows creep–rupture and 10% creep–strain data for a
single HDPE geogrid product taken from the same product line
(but different manufacturing plant) as data group 2 in the
PWRC database (Wrigley et al., 1999). Linear time-
temperature shifting was used to create the two curves at
20 1C from tests performed at 10 1C, 20 1C, 30 1C, 40 1C and
50 1C. Similar to the previous HDPE product line, the 10%
creep–strain curve falls below the creep–rupture curve. The
convergence of the two curves is less visible in this ﬁgure but
the creep–reduced strength values at 120 years are very close
(41.3% and 38.1%) and again can be considered the same for
practical purposes.
6. Creep reduction factors
Creep reduction factors computed using the PWRC method
are summarized in Table 1. The data show that for the same
design life the creep reduction factors (RCR) are greater for the
polyoleﬁn data groups than for the remaining product types.
Because these values have been computed with adjustment to
reference tensile tests carried out at 10% strain/min (column
12) they can be compared to the database reported by Bathurst
et al. (2012) which are for different product lines but also used
reference tensile tests carried out at 10% strain/min. The creep
reduction factors corresponding to 120 years for the HDPE
geogrids in this earlier work were in the range of 2.51–3.20
versus 2.10–3.07 for the products in the current study. For the
PET geogrids in the earlier study, RCR was 1.40–1.70 at 120
years versus 1.21–1.94 for the products in Table 1. Again, it
must be emphasized that the values in both studies cannot be
compared directly because the two studies investigated differ-
ent products. However, both databases are consistent in
showing that creep reduction factors are greater for punched
and drawn integral HDPE geogrids compared to PET geogrids.
As noted earlier, the magnitude of the creep reduction factor
to be used in design is a function of the choice of reference
strength used to compute the reduction factor. The reference
strength will be a function of the strain rate used to carry outthe tensile tests. Hence, for Japanese design practice, the RCR
values in columns 11 and 13 of Table 1 must be used.
7. Discussion and implications to design
Bias values were computed as the ratio of measured strength to
predicted strength for each data point used to create the creep–
strain curve for each data group. The mean of bias values is always
one. The COV of the bias values is a quantitative indicator of the
accuracy of the regressed line to these data over the time range
available (typically up to 1000–10,000 h in this study). The
resulting COV of creep bias values are given in column 9 of
Table 1. For the polyoleﬁn (“ductile”) geogrid data groups (1–6)
using creep–rupture data, the COV creep bias values range from
0.10% to 3.0%. For the remaining product groups, the COV creep
bias values are in the range of 0.20–7.0%.
A similar analysis of the spread in reference tensile strengths
from repeat tests carried out at 20% strain/min and 1% strain/
min was performed. The COV values are presented in columns
9 and 11 of Table 2. The COV values ranged from 0.7% to 7%
for tests carried out at 20% strain/min, and 1.1% to 6.7% for
tests carried out at 1% strain/min. Almost the same range of
Fig. 7. COV of bias (spread) in creep-reduced strength (XCR) versus COV of
ultimate strength bias of geogrid samples from tensile tests performed at 1%
strain/min.
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products) was reported by Bathurst et al. (2012) using data
found in the AASHTO NTPEP evaluation reports. These small
bias values may be expected if it is recalled that these materials
are high performance manufactured materials. For example,
the COV of bias values for ultimate rupture strength of SS400
reinforcement steel in Japan is 5% (Tanaka and Sakai, 1979).
Fig. 7 shows a comparison of the spread in reference
strength (bias) versus spread in bias of creep-reduced strength.
Taken together there is no visual or quantitative correlation
between parameters. For the PET and Aramid data sets (which
have multiple data points), there is no systematic distribution
of data points above or below the one-to-one correspondence
line. However, for the HDPE geogrids, the creep bias values
are consistently lower than the ultimate strength bias values
suggesting that creep bias is contained in the inherent strength
variability of this product type. It is a reasonable to assume that
this is true for the other products since, where the COV XCR
values are greater than XTult values, these values are never-
theless very low. From a practical point of view, the accuracy
of prediction of creep-reduced strengths is judged to be largely
due to the inherent variability of the tensile strength of the
geogrid materials. This conclusion assumes that bias values for
creep up to 1000–10,000 h in the current study have the same
spread as bias values that would be computed if data out to 120
years were available. Bathurst et al. (2012) found this to be the
case based on a reliability analysis of creep–rupture data from
elevated temperature testing available from western sources.
A practical implication of this observation is that the
calculation of long-term allowable strength in Eq. (1) can be
treated as deterministic provided there is little or no variability
in the estimation of the installation damage (RFID). Based on a
companion study of installation damage data from western
sources reported by Bathurst et al. (2011a), this appears to be
the case. A study of Japanese installation damage tests found
in PWRC product certiﬁcation reports is currently underway
by the writers.
Finally, it can be noted that bias values are also a necessary
precursor for the LRFD calibration of the ultimate tensile
failure limit state for reinforcement products in reinforced soil
wall applications (Bathurst et al., 2011a,2011b,2011c; Bathurst
et al., 2012; Allen et al., 2005) and/or probabilistic-based
design for the rupture failure limit state. This line of
investigation is currently underway by the writers.
8. Conclusions
This study is focused on the interpretation of polymeric
geogrid creep test data using current practice in Japan as
described in the PWRC (2000a) guidance document.
The current method of estimating the creep-reduced strength
of polymeric geogrid products in Japan is based on extrapola-
tion of the creep–rupture curve to design life for products that
achieve rupture before 10% strain. For more extensible
materials (HDPE and PP geogrids in the available database),
extrapolation is carried out using the 10% creep–strain curve.
Both methods involve the extrapolation of data available inPWRC certiﬁcation reports to more than two log cycles of
time, which is not recommended practice in other countries.
In current Japanese practice, the reference strength to
calculate the creep reduction factor is a “guaranteed ultimate
tensile strength” which is lower than the mean of values from
in-isolation constant rate-of-strain tests carried out at 1%
strain/min. The choice of this reference tensile strength is left
to the producer. In the current investigation, the mean of
multiple reference tests was used in order to calculate creep
reduction factors and bias values in a consistent manner.
The experience of the second and third writers on some
North American design projects is that the reference strengths
and creep properties can vary between product roles with the
same nominal designation manufactured at different times and
at different plants. Hence, the importance of normalizing the
creep strength with the actual tensile strength of the material
used in the creep tests cannot be overstated.
Elevated temperature testing (TTS and SIM) is now widely
used in North America and Europe but has not been adopted by
the PWRC in Japan at the time of writing. Consequently, it is not
possible to generate physical creep–rupture data out to 120 years
using the current state-of-practice in Japan. Creep–rupture curves
are desirable because all data points correspond to the tertiary
rupture of the material and therefore creep-reduced strength
values deduced from these curves are consistent with the notion
of an ultimate tensile failure state in current reinforced soil design
methods. The interpretation of creep–rupture data from elevated
temperature testing to estimate creep-reduced strength out to 120-
years design life is relatively unambiguous. The interpretation of
creep–strain curves using the current PWRC methodology to
predict creep-reduced strength at 120-years design life is often
subjective and requires long extrapolation times.
Despite the concerns raised regarding the use of the 10%
creep–strain curves to predict life-time retained strength for the
HDPE geogrids in the current PWRC certiﬁcation program, the
available data for these types of products suggest that the
differences between predicted creep-reduced strengths using
10% creep–strain extrapolation and creep–rupture curves from
Y. Miyata et al. / Soils and Foundations 54 (2014) 608–620 619elevated temperature testing are negligible. Where there are
differences, the current PWRC approach is slightly conserva-
tive (i.e. safer) for design. However, this may not be true for
other HDPE geogrids on the market today in other countries,
or products that may be used in Japan in the future.
The paper provides a useful summary of creep reduction
factors for the estimation of allowable tensile load for use in
current ASD reinforced soil structure design (conventional
factor of safety approach). In addition, bias statistics have been
computed for the reference tensile strength of product groups
in the PWRC database and for the estimation of creep-reduced
strength for design life up to about 10,000 h and likely out to
120 years at least for the HDPE geogrids in the database.
An inspection of bias values showed that variability in
predicted creep-reduced strength for HDPE geogrids using the
available Japanese database is due to the strength variability in
the original materials. It is reasonable that the same assumption
can be applied to the other geogrid materials in the database
because, where the COVs of creep-reduced strength were
greater than reference strength values, the values of COV of
creep-reduced strength bias remained small.Acknowledgments
The authors are grateful to the Public Works Research
Center, Japan, for permission to use their data for preparation
of this paper. The ﬁrst author is grateful for funding awarded
by the Japan Ministry of Education, Culture, Sports, Science
and Technology (Grant-in-Aid for Scientiﬁc Research (B) No.
24360195) and the Japan Ministry of Defense to collaborate
with the second author in Canada where the preparation of this
paper was carried out.References
Akagi, T., Chida, S., Yamamoto, C., Miki, H., 2004. PWRC Certiﬁcation of
Geosynthetics. In: Proceedings of the 3rd Asian Regional Conference on
Geosynthetics, pp. 363–368.
Allen, T.M., Nowak, A.S., Bathurst, R.J., 2005. Calibration to determine load
and resistance factors for geotechnical and structural design. Transportation
Research Board Circular E-C079, Washington, DC, 93 p.
AASHTO R64-13, 2013. Standard Practice for Determination of Long-Term
Strength for Geosynthetic Reinforcement, Standard Practice R64-13.
American Association of State Highway and Transportation Ofﬁcials
(AASHTO), Washington, DC, USA.
ASTM D 6637, 2001. Standard Test Method for Determining Tensile Proper-
ties of Geogrids by the Single or Multi-Rib Tensile Method. ASTM, West
Conshohocken, PA, USA.
ASTM D 6992, 2003. Standard Test Method for Accelerated Tensile Creep
and Creep-Rupture of Geosynthetic Materials Based on Time-Temperature
Superposition Using the Stepped Isothermal Method. ASTM International,
West Conshohocken, PA, USA.
Bathurst, R.J., Huang, B., Allen, T.M., 2011a. Analysis of installation damage
tests for LRFD calibration of reinforced soil structures. Geotext. Geo-
membr. 29 (3), 323–334.
Bathurst, R.J., Huang, B., Allen, T.M., 2011b. Load and resistance factor
design (LRFD) calibration for steel grid reinforced soil walls. Georisk 5 (3–
4), 218–228.
Bathurst, R.J., Miyata, Y., Konami, T., 2011c. Limit states design calibration
for internal stability of multi-anchor walls. Soils Found. 51 (6), 1051–1064.Bathurst, R.J., Huang, B., Allen, T.M., 2012. Interpretation of laboratory creep
testing for reliability-based analysis and load and resistance factor design
(LRFD) calibration. Geosynth. Int. 19 (1), 39–53.
British Standard 8006 (BS8006), 2010. Code of Practice for Strengthened/
Reinforced Soil and Other Fills. British Standards Institution, Milton
Keynes, UK.
Bush, D.I., 1990. Variation of Long-Term Design Strength of Geosynthetics in
Temperatures up to 40 1C. In: Proceedings of the Fourth International.
Conference on Geotextiles, Geomembranes, and Related Products, The
Hague, Netherlands, Balkema, pp. 673–676.
CUR, 2012. Durability of Geosynthetics Publication 243, Stichting CURNET,
Gouda, The Netherlands, 275 p.
EN ISO 10319, 2008. Geosynthetics – Wide-width tensile test (ISO
10319:2008).
FHWA, 2009. Design and Construction of Mechanically Stabilized Earth
Walls and Reinforced Soil Slopes, vol. I. National Highway Institute
Federal Highway Administration U.S. Department of Transportation,
Washington, D.C., 306 (FHWA-NHI-10-024).
Ingold, T.S., Montanelli, F., Rimoldi, P., 1994. Extrapolation techniques for
long term strengths of polymeric geogrids. In: Proceedings of 5th
International Conference on Geotextiles, Geomembranes and Related
Products, Singapore, pp. 1117–1120.
ISO/TR 20432:2007, 2007. Technical Report: guidelines for the determination
of the long-term strength of geosynthetics for soil reinforcement. Interna-
tional Standards Organization, Geneva, Switzerland.
McGown, A., Andrawes, K.Z., Yeo, K.C., DuBois, D., 1985. The load-strain-
time behavior of Tensar geogrids. Polymer Grid Reinforcement. Thomas
Telford, London, UK, pp. 11–17.
Miyata, Y., Bathurst, R.J., 2007. Development of K-stiffness method for
geosynthetic reinforced soil walls constructed with c-ϕ soils. Can. Geotech.
J. 44 (12), 1391–1416.
Miyata, Y., Bathurst, R.J., 2012. Reliability analysis of soil-geogrid pullout
models in Japan. Soils Found. 52 (4), 620–633.
NTPEP, 2007. Use and Application of NTPEP Geosynthetic Reinforcement
Test Results. National Transportation Product Evaluation Program, Amer-
ican Association of State Highway and Transportation Ofﬁcials
(AASHTO), Washington, DC, USA, 16 p.
PWRC, 1998. Technical Report for PWRC Certiﬁcation of Construction
Material and Technique: Super G-grid (Certiﬁcate No. 1004). Public
Works Research Center, Tsukuba, Ibaraki, Japan, 148 p. (in Japanese).
PWRC, 2000a. Design and Construction Manual of Geosynthetics Reinforced
Soil (revised version). Public Works Research Center, Tsukuba, Ibaraki,
Japan, 305 p. (in Japanese).
PWRC. 2000b. Technical Report for PWRC Certiﬁcation of Construction
Material and Technique: Spike grid (Certiﬁcate No. 1110), Public Works
Research Center, Tsukuba, Ibaraki, Japan, 135 p. (in Japanese).
PWRC, 2002b. Technical Report for PWRC Certiﬁcation of Construction
Material, Products and Technique: Adem type-G (Certiﬁcate No. 0120).
2nd ed., Public Works Research Center, Tsukuba, Ibaraki, Japan, 171 p. (in
Japanese).
PWRC, 2000c. Technical Report for PWRC Certiﬁcation of Construction
Material and Technique: Cosmo grid (Certiﬁcate No. 1205). Public Works
Research Center, Tsukuba, Ibaraki, Japan, 149 p. (in Japanese).
PWRC, 2004a. Technical Report for PWRC Certiﬁcation of Construction
Material, Products and Technique: Power grid (Certiﬁcate No. 0412). Public
Works Research Center, Tsukuba, Ibaraki, Japan, 169 p. (in Japanese).
PWRC, 2004b. Technical Report for PWRC Certiﬁcation of Construction
Material, Products and Technique: Tenax (Certiﬁcate No. 0413).
Public Works Research Center, Tsukuba, Ibaraki, Japan, 150 p. (in
Japanese).
PWRC, 2005. Technical Report for PWRC Certiﬁcation of Construction
Material, Products and Technique: Fortrac (Certiﬁcate No. 0432). 2nd
ed., Public Works Research Center, Tsukuba, Ibaraki, Japan, 149 p. (in
Japanese).
PWRC. 2006. Technical Report for PWRC Certiﬁcation of Construction
Material, Products and Technique: Geogrid Tensar (Certiﬁcate No.
0901). 2nd ed., Public Works Research Center, Tsukuba, Ibaraki, Japan,
156 p. (in Japanese).
Y. Miyata et al. / Soils and Foundations 54 (2014) 608–620620PWRC, 2007a. Technical Report for PWRC Certiﬁcation of Construction
Material, Products and Technique: Cell force type-F (Certiﬁcate No. 0214).
2nd ed., Public Works Research Center, Tsukuba, Ibaraki, Japan, 118 p. (in
Japanese).
PWRC, 2007b. Technical Report for PWRC Certiﬁcation of Construction
Material, Products and Technique: Tregrid (Certiﬁcate No. 0704).
Public Works Research Center, Tsukuba, Ibaraki, Japan, 108 p. (in
Japanese).
PWRC, 2008a. Technical Report for PWRC Certiﬁcation of Construction
Material, Products and Technique: Adem type-HG (Certiﬁcate No. 0804).
Public Works Research Center, Tsukuba, Ibaraki, Japan, 115 p. (in
Japanese).
PWRC, 2008b. Technical Report for PWRC Certiﬁcation of Construction
Material, Products and Technique: Trigrid (Certiﬁcate No. 0808). Public
Works Research Center, Tsukuba, Ibaraki, Japan, 113 p. (in Japanese).
Shinoda, M., Bathurst, R.J., 2004. Lateral and axial deformation of PP, HDPE
and PET geogrids under tensile load. Geotext. Geomembr. 22 (4),
205–222.Tanaka, T., Sakai, T., 1979. A theoretical study on the fatigue life distribution
of metallic materials near the fatigue limit. Trans. Jpn. Soc. Mech. Eng. A
45 (391), 211–219.
Thornton, J.S., Allen, S.R., Thomas, R.W., Sandri, D., 1998. The stepped
isothermal method for time-temperature superposition and its application to
creep data on polyester yarn. In: Proceedings of Sixth International
Conference on Geosynthetics, Atlanta, GA, USA, Industrial Fabrics
Association International, pp. 699–701.
Thornton, J.S., Baker, T.L., 2002. Comparison of SIM and conventional
methods for determining creep-rupture behavior of a polypropylene
geotextile. In: Proceedings of the 7th International Conference on
Geosynthetics, Nice, France, pp. 1545–1550.
WSDOT T925, 2009. Standard Practice for Determination of Long-Term
Strength for Geosynthetic Reinforcement, Washington State Department of
Transportation, Olympia, Washington, USA, 62 p.
Wrigley, N.E., Austin, R.A., Harrison, P.E., 1999. The long term strength of
geogrid reinforcement. In: Proceedings of Geosynthetics'99 Conference,
IFAI, Boston, MA, USA, pp. 711–721.
